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In Brief
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how differing antigen valencies influence
cognate B cells in vivo is lacking. Kato
et al. show antigen valency dictates the
breadth of affinity range of B cells that are
recruited and the ability of cognate B cells
to differentiate into effector cells. This
had profound impacts on the magnitude
of germinal center and extrafollicular
plasmablast responses. The study also
highlights the need to carefully consider
valency in vaccine design.

¢? CellPress


mailto:schief@scripps.�edu
mailto:shane@lji.�org
https://doi.org/10.1016/j.immuni.2020.08.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.immuni.2020.08.001&domain=pdf

@ CelPress Immunity

Multifaceted Effects of Antigen Valency on B Cell
Response Composition and Differentiation In Vivo

Yu Kato,’-? Robert K. Abbott,’-2 Brian L. Freeman,' Sonya Haupt,-® Bettina Groschel,?*5 Murillo Silva,>®

Sergey Menis, >+ Darrell J. Irvine,?6:7:8.9:10 William R. Schief,%*5%* and Shane Crotty'.2-311.*

1Center for Infectious Disease and Vaccine Research, La Jolla Institute for Immunology (LJI), La Jolla, CA 92037, USA

2Scripps Consortium for HIV/AIDS Vaccine Development (CHAVD), La Jolla, CA 92037, USA

3Department of Medicine, Division of Infectious Diseases and Global Public Health, University of California, San Diego (UCSD), La Jolla, CA
92037, USA

4Department of Immunology and Microbiology, The Scripps Research Institute, La Jolla, CA 92037, USA

5AVI Neutralizing Antibody Center, The Scripps Research Institute, La Jolla, CA 92037, USA

6Koch Institute for Integrative Cancer Research, Massachusetts Institute of Technology

“Department of Biological Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

8Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

9The Ragon Institute of Massachusetts General Hospital, Massachusetts Institute of Technology and Harvard University, Cambridge, MA
02139, USA

10Howard Hughes Medical Institute, Chevy Chase, MD 20815, USA

11 ead Contact

*Correspondence: schief@scripps.edu (W.R.S.), shane@lji.org (S.C.)

https://doi.org/10.1016/j.immuni.2020.08.001

SUMMARY

How antigen valency affects B cells in vivo during immune responses is not well understood. Here, using HIV
immunogens with defined valencies ranging from 1 to 60, we investigated the role of antigen valency during
different phases of B cell responses in vivo. Highly multimerized immunogens preferentially rapidly activated
cognate B cells, with little affinity discrimination. This led to strong early induction of the transcription factors
IRF4 (interferon regulatory factor 4) and Bcl6, driving both early extrafollicular plasma cell and germinal center
responses, in a CD4* T-cell-dependent manner, involving B cells with a broad range of affinities. Low-valency
antigens induced smaller effector B cell responses, with preferential recruitment of high-affinity B cells. Thus,
antigen valency has multifaceted effects on B cell responses and can dictate affinity thresholds and compet-

itive landscapes for B cells in vivo, with implications for vaccine design.

INTRODUCTION

B cells are the primary mediators of protective responses
induced by most licensed human vaccines (Piot et al., 2019;
Plotkin et al., 2017). It is therefore imperative to understand B
cell interactions with antigen as it relates to rational vaccine
design. Antigen valency is generally recognized as an important
factorimpacting B cell responses in variety of contexts, including
vaccines, viral infections, and autoimmunity, yet there is limited
in vivo data quantifying the mechanistic effects of differing anti-
gen valencies on B cell activation, B cell differentiation, and B
cell selection.

Early insights into the role of valency were made in the context
of T-cell-independent (TI) B cell responses (Bachmann et al.,
19983; Dintzis et al., 1976; Feldmann and Easten, 1971). Viruses
that induce Tl antibody responses display a large number of
highly repetitive surface antigens in a rigid configuration (Bach-
mann and Zinkernagel, 1996), such as vesicular stomatitis virus
(VSV), which expresses ~1,200 copies of G protein per virion
(Thomas et al., 1985). A large number of epitopes displayed in
an orderly manner crosslink many B cell receptor (BCR) mole-
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cules, inducing strong intracellular signaling to stimulate B cells
(Brunswick et al., 1989; Dintzis et al., 1976).

In T-cell-dependent (TD) B cell responses, upon sensing
cognate antigen in secondary lymphoid organs, B cells migrate
to the T/B border region to acquire initial help from cognate T
follicular helper (Tfh) CD4* T cells. B cells may then migrate to ex-
trafollicular areas to differentiate into short-lived plasma cells
(PCs) or migrate deeper into the B cell follicles to differentiate
into germinal center (GC) B cells in conjunction with GC-residing
Tfh cells (Crotty, 2019). B cell compete for Tth help both early
(Schwickert et al.,, 2011; Yeh et al., 2018) and in GCs (Allen
et al., 2007; Schwickert et al., 2007; Victora et al., 2010).
In vitro B cell studies provide some insights into how valency
could impact B cell activation and the ability of B cells to acquire
Tfh cell help. Extensive multivalent display of protein antigen,
hen egg lysozyme (HEL), on cell membranes (~10,000 copies
per cell) or beads enhanced cognate B cell activation and major
histocompatibility complex (MHC) class Il presentation
compared to the monomeric form of the same antigen (Batista
et al., 2001; Batista and Neuberger, 1998, 2000). Small chemical
haptens are used as a different experimental approach. Haptens
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conjugated at high density on monomeric proteins create va-
lency densities ~20-fold greater than what can occur for protein
epitopes and therefore create supraphysiological BCR ligation.
Thus, it is unclear which lessons from hapten studies of valency
are transferrable to understanding protein epitopes of
pathogens.

In the context of viral infections and vaccines, antigen multiva-
lency is strongly associated with higher antibody titers. For both
the hepatitis B virus and human papillomavirus vaccines, the
multivalent nature of the virus-like particles (VLPs) is seen as a
key attribute of the success of those vaccine antigens (Mohsen
et al., 2017; Szmuness et al., 1980). Nanoparticle, VLP, and
liposomal antigens are being extensively explored as vaccine
candidates to a wide range of pathogens (Chackerian et al.,
2008; Ingale et al., 2016; Jardine et al., 2013, 2015; Kanekiyo
et al.,, 2019; Marcandalli et al., 2019; Martinez-Murillo et al.,
2017; Moon et al., 2012), including severe acute respiratory syn-
drome coronavirus (SARS-CoV) (Coleman et al., 2014). In candi-
date vaccine studies, usually only a single valency is assessed,
and the B cell immunological outcome measured is the magni-
tude of antibody titers. The effects of differing protein valencies
on GC formation and the composition of the B cell response
are largely unknown. A mechanistic understanding of how anti-
gen valency affects B cells in vivo has been lacking. For example,
does high valency selectively enhance antibody titers strictly by
expanding PCs (Chan et al., 2009; Paus et al., 2006)? Alterations
of immunization kinetics (“slow delivery immunization”) alter the
composition of the B cell response, which can result in substan-
tial enhancement of GC recruitment of B cells with neutralization
potential (Cirelli et al., 2019; Pauthner et al., 2017). Do antigen va-
lency changes also alter the composition of the responding anti-
gen-specific B cell population? While each antigen is a unique
scenario, broad approximation answers for these knowledge
gaps would have substantial utility.

eOD-GT (engineered outer domain germline-targeting) pro-
teins are series of engineered protein immunogens with varying
affinities for the inferred-germline form of the HIV broadly
neutralizing antibody (bnAb) VRCO1 and other VRCO1-class
bnAbs (Jardine et al., 2013, 2016). VRCO01-class bnAbs are spe-
cific for the receptor binding site of HIV gp120 and include some
of the most broadly reactive Abs of all HIV bnAbs (Huang et al.,
2016; Sajadi et al., 2018; Wu et al., 2010; Zhou et al., 2010,
2013). While mice do not have VRCO1-class B cells, humans
have VRCO01-class B cells in the naive B cell repertoire at a fre-
quency of 1in 300,000 B cells, possessing a range of affinities
(Havenar-Daughton et al., 2018; Jardine et al., 2016). We previ-
ously established a VRC01-class mouse model based on human
physiological precursor frequencies and affinities (Abbott et al.,
2018). In this model, transgenic VRC01"- B cells expressing
heavy and light chains from germline-reverted VRCO1 can be
successfully primed and recruited into GCs, in the face of immu-
nodominant off-target epitopes, using an eOD-GT 60-mer nano-
particle antigen (eOD-GT5 60-mer) (Abbott et al., 2018). A more
advanced eOD-GT 60-mer nanoparticle, eOD-GT8 60-mer, is
currently in a clinical trial as a germline-targeting candidate HIV
vaccine priming antigen (https://clinicaltrials.gov/ct2/show/
NCT03547245).

Here, using eOD-GT constructs with quantitatively distinct va-
lencies ranging from 1 to 60, we quantified effects of valency on
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antigen-specific B cells during different phases of an in vivo
response to a protein antigen. Whereas 4-mer, 8-mer, and 60-
mer constructs each induced substantial B cell activation in vivo,
the 60-mer outperformed the 4-valent and 8-valent antigens for
in vivo cell accumulation, early induction of the transcription fac-
tors Bcl6 and IRF4 (interferon regulatory factor 4) and GC B cell
and PC differentiation. Furthermore, valency altered the compo-
sition of the responding antigen-specific B cell population. Thus,
the quantity and quality of B cell responses can be tuned by
altering antigen valency, with important implications for vaccine
design.

RESULTS

Protein Antigens of Quantitatively Distinct Valencies
Exhibit Differential Stimulation of Cognate B Cells

In Vivo within Hours

VRC019M B cells bind eOD-GT5 with a physiological monova-
lent affinity of Kp ~250 nM, which is near the high end of the
spectrum of affinities of eOD-GT8 for human naive VRCO1-class
precursors (Jardine et al., 2016). Hence, we believe that studying
VRCO01%H- B cell responses to eOD-GT5 immunogens in this
mouse model has relevance for understanding human B cell re-
sponses to the clinical candidate eOD-GT8 60-mer. To examine
roles of valency in immunogenicity, we designed a tetrameric
form (eOD-GT5 4-mer) and an octameric form (eOD-GT5 8-
mer) of eOD-GT5 protein, in addition to monomer (1-mer) and
60-mer (Figures 1A and S1; Table S1).

Roles of antigen valency on early B cell activation events in vivo
have been uncertain. To assess if quantitative differences in an-
tigen valency impact B cells during initial antigen recognition,
VRCO019H B cells and nonspecific polyclonal B cells were co-
transferred into B6 mice before subcutaneous immunization
with eOD-GT5 immunogens, in the absence of adjuvant, allowing
for assessment of direct effects of valency (Figure 1B). Intravital
imaging of inguinal lymph node (iLN) was performed hours later
(2-3.5 h) to determine whether VRC019H: B cells slowed relative
to polyclonal B cells (Figure 1B), a hallmark of antigen recognition
(Miller et al., 2002). VRC019"- and polyclonal B cells moved at
similar speed in unimmunized mice (Figures 1C, S2A, and S2B;
Video S1). Immunization with eOD-GT5 monomer or 4-mer had
no effect on the motility of VRC019"" B cells (Figure 1C, 1D,
and S2A; Video S1). The higher valency antigens, particularly
eOD-GT5 60-mer, reduced the average migration speed (Fig-
ure 1C and S2A; Video S1) and caused 28% of VRC019™- B cells
to stop (Figure 1D and S2A; Video S1). As a negative control, an
eOD-GT5 60-mer mutant lacking measurable affinity for
VRC019"- (€OD-GT5-K02) was used. eOD-GT5-KO2 60-mer
had no effect on the motility of VRC019"- B cells (Figures 1C
and 1D; Video S1). Furthermore, none of the antigens impacted
the motility of polyclonal B cells (Figures S2B and S2C), indi-
cating that the migration arrest was driven by multivalent
cognate BCR recognition.

Antigen stimulation of B cells can also be assessed based on
increased surface expression of B cell activation markers,
including CCR7, CD44, CD86, MHC class Il, and CD69 (Figures
1E, 1F, and S2D). eOD-GT5 monomer did not affect VRC0O19"-
phenotype or cell size, indicating no intrinsic capacity of mono-
mer to stimulate B cells (Figures 1E-1H). Unlike monomeric
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Figure 1. Antigen Valencies Influence Cognate B Cell Stimulation /In Vivo within Hours
(A) To-scale models of eOD-GT5 constructs: eOD (green), CD4bs (yellow), scaffold (cyan), and glycans (slate).
(B-D) Intravital imaging of iLNs 2-3.5 h after immunization with eOD-GT5 antigens. (B) Schematic. (C) Speed of VRC019"- B cells normalized to polyclonal B cells.

(D) Stationary VRC019"- B cells (speed <3 pm/min).

Data in (A)-(D) are from three experiments with n = 2-5 mice/group. Bars represent the mean.
(E-H) VRC019"" B cell activation at 24 h. (E) Activation markers on VRC019"- B cells. (F) Quantification of activation markers in (E), geometric mean fluorescence
intensity (MFI). (G) VRC019H: B cell size. (H) Quantification of VRC019"- B cell size (mean FSC-A). Data in (E)~(H) are from two experiments, with n = 6 mice. Bars

represent the mean.

*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001. See also Figures S1 and S2, Video S1, and Table S1.

antigen, eOD-GT5 4-mer and 8-mer did activate VRC019"- B
cells (Figure 1E-1H). Strong activation of VRC019"" B cells
encountering eOD-GT5 60-mer was apparent (Figures 1E-1H).
Surface expression of MHC class Il and CD69 was equivalent af-
ter immunization with 4-mer, 8-mer, and 60-mer. None of the an-
tigens activated nonspecific B cells (Figures S2D-S2F).
VRCO019"- B cells that encounter 60-mer showed increased for-
ward scatter (FSC-A), indicating larger cell size and substantial
metabolic activity (Moyer et al., 2020) (Figures 1G, 1H, and
S2D). None of the antigens induced cell division at this time point
(Figures S2H and S2I). Immunization with antigens labeled with a
fluorophore (Alexa Fluor 647) confirmed that VRC019M B cells
captured similar amounts of each antigen during first 24 h irre-
spective of valency (Figures S2J-S2L). Thus, antigen valency is
an important factor driving early B cell activation, with substantial
quantitative differences observable over a range of valencies
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from 1 to 60, with a 4-mer valency being the lowest valency
tested that was capable of measurable activation of cognate B
cells in vivo.

Antigen Valency Differentially Affects B Cell
Proliferation In Vivo

We next explored the quantitative effects of antigen valency on
early proliferation and effector differentiation of antigen-specific
B cells. The response of CellTrace Violet (CTV)-labeled
VRCO19M B cells in iLNs was assessed on day 3. OD-GT5
monomer failed to induce VRC01¢H" B cell proliferation (Figures
2A and 2B). The frequency of undivided cells was not decreased
by eOD-GT5 monomer immunization (Figure 2C), indicating that
VRCO019""- cells failed to respond to monomeric antigen at all
rather than being induced to undergo cell death (Turner et al.,
2017). eOD-GT5 4-mer and 8-mer induced moderate B cell
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Figure 2. Differential Effects of Antigen Valencies on B Cell Division In Vivo

(A-C) Proliferative responses of VRC019"" B cells 3 days after immunizations. (A) Division profiles. The gates show CTV™ (undivided) and CTV" (divided) cells. (B)
Divided VRC019"" B cell number. Bars represent the geometric mean. (C) Undivided VRCO19" B cells as a frequency of total B cells, normalized to the un-
immunized control. Bars represent the mean. Data in (A)—(C) are from two experiments with n = 6 mice.

(D-F) VRCO019"- B cell activation and localization patterns 24 h after immunizations. (D) Large (FSC-A™) CCR7"™ VRC019"" B cells. (E) Representative iLNs
showing VRCO019" B cells (CTV, white), B cell zones (IgD, blue), and T cell zones (CD4, green). CTV signals were digitally dilated. Scale bar, 300 um. (F) Dis-
tribution of VRC019" B cells. The total numbers of cells analyzed are indicated within bars. Data in (D)-(F) are from two experiments with n = 6 mice.

*p < 0.05; **p < 0.01; “*p < 0.001; ***p < 0.0001.

proliferation (Figures 2A and 2B). Interestingly, in response to 4-
mer or 8-mer immunization, ~50% of VRC019"" B cells failed to
undergo any cell division (Figure 2C). eOD-GT5 60-mer induced
~10-fold greater cell division and expansion than observed for 4-
mer immunization (Figures 2A and 2B). Additionally, 60-mer im-
munization recruited virtually all of the VRC019H- B cells in the LN
into the immune response (~97%; Figure 2C). These B cell pro-
liferation outcomes at day 3 were not easily predicted from the B
cell activation at 24 h, given that all B cells became activated in
response to 4-mer or 8-mer (CD86, MHC class Il, and CD69; Fig-
ures 1E, 1F), but only 50% of the B cells actually underwent suc-
cessful cell division. We therefore reassessed the various pheno-
typic characteristics of B cells shortly after recognition of antigen
(24 h; Figures 1E-1H) to determine which phenotypic character-
istics were most associated with successful B cell proliferation.

The greater propensity of VRC019H- B cells to divide after 60-
mer immunization compared to low-valency immunizations ap-
peared to be predicated on the combination of increased cell
size and elevated CCR7 expression (Figures 2D, 1E-1H, and
S2G). Thus, while 4-mer and 8-mer antigens can activate B cells
in vivo, a higher valency more potently induces sufficient meta-
bolic activity and CCR7 expression associated with extensive
B cell division.

CCRY is a chemokine receptor that regulates B cell positioning
within lymphoid tissues (Reif et al., 2002). Histological examina-
tion was conducted to determine VRC019": B cell localization
within LNs 24 h after immunization. The majority of VRC01¢H:
B cells localized in the B cell follicles in naive animals, as expected
(Figures 2E and 2F). eOD-GT5 monomer had no measurable
impact on B cell localization (Figures 2E and 2F). 4-mer and
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8-mer immunization stimulated ~50% of VRC019H" B cells to
redistribute to the T/B border or the T cell zone within 24 h.
60-mer caused ~80% of VRC019H" B cells to redistribute to the
T/B border or the T cell zone, with over one-third of the cells
accumulating in the T cell zone (Figures 2E and 2F). The 50%
redistribution to the T/B border in response to 4-mer or 8-merim-
munization corresponded to the observed 50% of VRCO19H-
B cells subsequently undergoing cell division by day 3. In sum,
early changes in cell size and CCR7 expression were associated
with successful recruitment of B cells into a proliferative response
in vivo, with 4-mer valency being the lowest valency tested that
was capable of significant recruitment of VRC019H- B cells.

Roles of CD4* T Cell Help in Early-Valency-Dependent B
Cell Proliferation and Differentiation

To determine whether the propensity of 60-mer to induce rapid B
cell division depended on help from CD4* T cells, mice were
depleted of CD4™ T cells prior to immunization with eOD-GT5
60-mer (Figures S3A and S3B). While accumulation of divided
VRCO019HL B cells on day 3 was reduced by a factor of two (Fig-
ures 3A and 3B), 60-mer induced the vast majority of VRC0O19H-
B cells to activate and undergo cell division in the absence of
CD4™" T cells (Figures 3A and 3C).

We next examined B cell differentiation after immunization. As
rapidly as 72 h post-immunization with 60-mer, dividing
VRCO019ML B cells began differentiating into two distinct subsets,
expressing high levels of IRF4 or Bcl6, corresponding to PC or
early GC B cells (Figures 3D-3F). PC and early GC B cell differ-
entiation was severely impaired in mice devoid of CD4* T cells
(Figures 3D-3F). In the absence of CD4" T cells, almost all
VRCO19M B cells remained in uncommitted double-negative
(Bcl6'™ IRF4™) state. Thus, while CD4* T cell help was not
required for initiation of antigen-specific B cell division following
immunization with a high-valency antigen (60-mer), it was
required for proper PC or GC B cell differentiation.

We designed eOD-GT5 antigen constructs with lymphocytic
choriomeningitis virus (LCMV) gpsi-so, @ well-characterized
IAP-restricted epitope to ensure that consistent MHC class Il epi-
topes were present within the antigen constructs (Table S1).
Similar to the original eOD-GT5 antigens, eOD-GT5g,61 60-mer
was superior to eOD-GT5g,61 4-mer at inducing VRC019"- B
cell divisions (Figures 3G-3l, S3C, and S3D). By day 4 post-im-
munization with eOD-GT561 60-mer, the majority of VRC019"-
B cells had differentiated into either Bcl6" early GC B cells or
IRF4" PCs (Figures 3J-3M). In contrast, the VRC019™- B cells
that divided in response to eéOD-GT5g,61 4-mer had minimally
differentiated to Bcl6™ GC B cells or IRF4" PCs (Figures 3J-
3M). Thus, antigen valency not only affected the overall magni-
tude of the B cell proliferation but also influenced rapid differen-
tiation into GC B cells and PCs.

Roles of Antigen Valency and Affinity in Early B Cell
Activation and CD4* T Cell Interaction

We next sought to clarify the relative importance of antigen va-
lency and antigen affinity in B cell activation in vivo. VRC019H"
B cells bind eOD-GT2 with a low physiological monovalent affin-
ity (Kp = 14 uM), an ~50-fold reduction compared to eOD-GT5
(Kp = 250 nM). Intravital imaging of iLNs within a few hours of
vaccination revealed that the degree of slowdown of VRC019H:

552 Immunity 53, 548-563, September 15, 2020

Immunity

B cells induced by low-affinity (€OD-GT2) and high-affinity
(eOD-GT5) 60-mers was comparable (normalized speed of
0.59 versus 0.6) (Figures 4A and 1C; Video S2). eOD-GT2 60-
mer also induced a large percentage of VRC019"" B cells to
become immotile (19% + 6%), a level that was somewhat lower
than for high-affinity eOD-GT5 60-mer (28% + 11%), but not
significantly different (Figures 4B and 1D; p = 0.33). This was in
contrast to low-valency high-affinity antigens (eOD-GT5 1-mer,
4-mer, and 8-mer), which did not cause B cells to become immo-
tile (Figures 4B and 1D).

We then assessed additional metrics of early B cell activation
in the context of low-affinity antigen. eOD-GT2 and eOD-GT5 60-
mer immunization induced equivalent increases in VRC019"- B
cell size (FSC-A; Figure 4C). This success of eOD-GT2 60-mer
was in contrast to what occurred with low-valency (1-mer, 4-
mer, and 8-mer) high-affinity antigen immunization (Figure 1F).
Surface expression of several (but not all) activation markers
on VRCO19"- B cells after eOD-GT2 60-mer immunization was
lower than after eOD-GT5 60-mer immunization (CCR7, CD44,
and CD86; Figure 4D). However, the expression of CCR7 was
significantly elevated after eOD-GT2 60-mer immunization
compared to adjuvant alone (Figure 4D), and ~70% of VRC019H:
B cells accumulated in the T/B border or the T cell zone (Figures
4E and S4). Thus, across the range of valencies and affinities
tested herein, which we consider physiologically relevant for
many contexts, the robustness of early B cell activation (i.e., prior
to the first cell division) is dominantly influenced by valency and
to a lesser extent by affinity.

Roles of Antigen Valency and Affinity in Early B Cell and
CD4* T Cell Interaction

Given the accumulation of VRC019H" B cells at the T/B border after
cognate recognition of 4-mer, 8-mer, or 60-mer antigens, we next
sought to determine whether valency impacted cognate interac-
tions between B cells and CD4* T cells prior to cell division.
VRCO019"t B cells and nonspecific polyclonal B cells were co-
transferred with LCMV gps1_go-specific SMARTA CD4* T cells
into B6 mice prior to immunization (Figure 4F). Following immuni-
zation with high-affinity eOD-GT5g561 60-mer, most VRCO19H-
B cells formed stable contacts with cognate SMARTA CD4*
T cells at the T/B border (Figures 4G—4l; Video S3). The majority
(70%, 261/375 cells) of the B cells formed contacts duration
totaling >5 min. VRC019"- B cells primed by low-affinity eOD-
GT24p61 60-mer also readily formed durable contacts with
SMARTA CD4* T cells, with similar frequency and duration (Fig-
ures 4G-4l; Video S3). By contrast, interactions between
VRCO019"" B cells and SMARTA CD4* T cells were rarely seen
following immunization with eOD-GT5¢yp61 4-mer (Figures 4F—4H;
Video S3). Only 13% (29/229 cells) of the B cells formed contacts
duration totaling >5 min. Contacts between nonspecific poly-
clonal B cells and SMARTA CD4" cells were rare and transient in
all groups (Video S3). These data indicate that antigen valency
can enhance the ability of B cells to acquire cognate CD4*
T cell help.

Following the eOD-GT2 60-mer experiments described
above, we examined early B cell proliferation and differentiation
in response to low-affinity versus high-affinity 60-mer immuniza-
tion. VRCO19"" B cell divided more slowly in response to
e0D-GT2gp61 60-mer compared to eOD-GT5gge1 60-mer
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Figure 3. TD Induction of Early GC B Cells and PCs
(A)~(F) Effects of CD4* T cell depletion on VRC019"" B cell
responses to eOD-GT5 60-mer. (A) Division profiles. The
gates show undivided and divided cells. (B) Divided
VRC019H B cell number, normalized to the 60-mer control
group. (C) Undivided VRC019""" B cells as a frequency of
total B cells, normalized to the unimmunized control. Data in
(A)—(C) are from four experiments with n = 6-11 mice. Bars
& 0.0 represent the mean. (D) Bcl6é and IRF4 expression by
vy 60mer+Adj — + + 60mer+Ad — + + divided VRC01%"" (red) and endogenous (gray) B cells.
ant-CD4 - - + ant-CD4 - - + Numbers in quadrants represent percentages. (E) Divided
VRCO019" B cells that are Bcl6™ IRF4° GC B cells. (F)
D E F Divided VRC01¢H- B cells that are IRF4" Bcl6'° PCs. Data in
*x *% (D)—(F) are from two experiments with n = 5-6 mice. Bars
o © represent the mean.
30 (G)-(L) VRCO19H- B cell proliferation and differentiation
induced by eOD-GT54,61 4-mer or 60-mer at day 4. (G)
20 Division profiles. The gates show undivided and divided
cells. (H) Divided VRC019"- B cell number. Bars represent
10 the geometric mean. () Undivided VRC019"- B cells as a
95' = 17 0 0 frequency of total B cells, normalized to the unimmunized
e e . M ) M control. Bars represent the mean. (J) Bclé and IRF4
> ant-CD4 * ant-CD4 * expression in divided VRC019"" B cells after immunizations
(blue or red) and undivided VRC019"" B cells from naive
mice (gray). Percentages are indicated in quadrants. (K)
Divided VRCO019™"" B cells that are Bcl6™ IRF4'° GC B cells.
(L) Divided VRC019"" B cells that are IRF4™ Bcl6" PCs.
Data in (G)—(L) are from two experiments with n = 3-5 mice.
(M) Divided VRC019"- B cells that are Bcl6™ early GC B cells
(purple), IRF4" PCs (green), Bc6™ IRF4" cells (black), or
double negative (white). “d0” represents undivided
VRCO019" B cells from naive mice. Data are from two to four
experiments with n = 2-8 mice.
TV .“’5 B m B m **p < 0.01; ***p < 0.0001. See also Figure S3.
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(A and B) Intravital imaging of iLNs 2-3.5 h after immunization with eOD-GT2 60-mer. (A) Normalized speed of VRC019"" B cells (****p < 0.0001 versus unim-
munized). (B) Frequency of stationery VRC019"- B cells (speed <3 pm/min; *p < 0.05 versus unimmunized). Data in (A) and (B) are from three experiments with n =
4 mice. Bars represent the mean. See also Figures 1C and 1D.
(C and D) VRCO019"" B cell activation at 24 h. (C) VRC019H- B cell size (mean FSC-A). (D) Activation markers on VRC019"- B cells (normalized geometric MFI). Data
in (C) and (D) are from three experiments with n = 6-9 mice. Bars represent the mean.

(E) Distribution of VRC019"- B cells at 24 h. Data are from two experiments with n = 6 mice and 580 cells.
(F)—=(H) Intravital imaging showing T and B cell interactions at 24 h. (F) Schematic. (G) Representative movie frames. (H) VRC019"- B cells (rows) were classified as
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(Figures 4J-4L). However, eOD-GT24,61 60-mer was still able to
drive virtually all VRCO19H- B cells in a LN to undergo cell division
by 3 days post-immunization, unlike low-valency high-affinity
antigens (Figures 4J and 4M, in comparison to Figures 2A, 2C,
3G, and 3l). eOD-GT24,6¢ 60-mer (high-valency/low-affinity) im-
munization also stimulated early GC B cell and PC differentiation
by 72 h, but to a lesser degree than the high-valency/high-affinity
e0D-GT54p61 60-mer (Figures 4N-4P). Given that differential ef-
fects on B cell were observable as early as 2-24 h (reflecting
direct effects of antigen-B cell interaction) (Figure 1), and differ-
entiation into early GC B cell and PC lineages both required CD4*
T cell help, it is plausible that the large difference in early GC B
cell and PC frequencies between 60-mer and 4-mer reflects
the combined results of direct effects of multivalency on BCR
signaling plus increased antigen presentation to CD4* T cells
triggering greater T cell help to the B cells encountering multiva-
lent antigen. Overall, these experiments demonstrate that va-
lency has a major impact on early B cell activation, division,
and differentiation, such that a 60-mer valency can impart a
similar degree of activation, division, and differentiation for anti-
gens differing in Kp affinity by at least a factor of 50.

Valency Alters the Breadth of Affinity Range of B Cells
Recruited into GCs

Precursor frequency of antigen-specific B cells can be a major
factor dictating competitive fitness of antigen-specific B cells
(Abbott et al., 2018; Dosenovic et al., 2018). To explore if antigen
valency modulates competitive fitness of B cells under more
physiological precursor frequency conditions, we performed
adoptive transfer of 10° VRC019"- B cells into B6 mice (Fig-
ure 5A). This recapitulated the approximate precursor frequency
of VRCO1-class naive B cells in healthy, HIV-seronegative hu-
mans at ~1:10° B cells (Abbott et al., 2018; Havenar-Daughton
et al., 2018; Jardine et al., 2016).

We tested the ability of the physiologically rare VRC01-class B
cells to respond to a relatively high-affinity antigen, eOD-GT5,
encountered as either a 4-mer or 60-mer. Naive SMARTA
CD4* T cells were co-transferred to ensure that adequate
cognate help would be available to VRC01°H B cells (Figure 5A).
e0D-GT54p61 4-mer and 60-mer similarly induced expansion of
SMARTA CD4" T cells and Tth differentiation 6 days post-immu-
nization (Figures S5A-S5F). 60-mer immunization primed stron-
ger overall GC B cell responses than the 4-mer (Figures 5B, 5C,
and S5@). Interestingly, the representation of VRC019"- B cells in
day 6 GCs differed depending on antigen valency. VRC019"- B
cells constituted less than 0.5% of the total GC B cells induced
by 60-mer but ~3% of the total GC B cells induced by 4-mer
(Figure 5B, 5D, and S5@G). As a result of these two countervailing
effects, equivalent numbers of VRCO019"" GC B cells were de-
tected at day 6 after 60-mer or 4-mer immunization (Figure 5E).

¢ CellP’ress

Histological examination revealed that immunization with eOD-
GTb54p6160-merinduced larger GCs than eOD-GT5g61 4-mer (Fig-
ures 5F and 5G). Consistent with flow cytometric data, VRC019"-B
cells were scarce in GCs induced by 60-mer (Figure 5F). Instead,
the majority of VRC019"" B cells were detected in extrafollicular
sites such as medullary sinuses (Figures 5F and S5H). Smaller
GCs induced by 4-mer were more densely occupied by VRC019H:
B cells (Figures 5F-5H), consistent with higher representation
VRCO019"- B cells within the total GC B cell population induced
by 4-mer (Figures 5B and 5D). Similar quantities of VRC019"- GC
B cells were detected per LN section in both immunization groups
(p = 0.07; Figure 5I), confirming that comparable numbers of
VRCO019"" B cells were recruited to GCs in response to 4-mer
and 60-mer. Similar patterns were obtained in mice that did not
received SMARTA CD4* T cells (Figures S5G and S5|-S5K).

As an independent test of the responsiveness of B cells to low-
valency antigens, we developed a separate 4-mer antigen. eOD-
GT5g061 displayed as a 4-mer on a 2B22 scaffold, which
presented two copies of GT5 at each end of a coiled-coil tetra-
merization motif (Figure S5L), also induced smaller overall GC
B cell responses compared to eOD-GT5¢61 60-mer (Figure S5I).
VRCO019H. B cells primed by this 4-mer were highly represented
as a percentage of GC B cells compared to eOD-GT54,61 60-mer
(Figures S51-S5K). Thus, by multiple metrics, valency appears to
modulate both the magnitude and the clonal compositions of GC
responses.

To further investigate how antigen valency impacted GC re-
sponses, we assessed antigen-binding capacity of endogenous
GC B cells. As B cell antigen probes, we used eOD-GT5 mono-
mer tetramerized on fluorescently labeled streptavidin, as well as
e0OD-GT54,61 60-mer labeled with a different fluorochrome.
~36% of endogenous GC B cells induced by eOD-GT5g61 4-
mer immunization were “high-affinity” cells that bound at least
one of the probes (Figures 5J and 5K). In contrast, only ~5%
of endogenous GC B cells detectably bound antigen probes af-
ter eOD-GT54p61 60-mer immunization (Figures 5J and 5K).
Equivalent total numbers of antigen-binding endogenous GC B
cells were detected in response to eOD-GT5g561 4-mer and
60-mer (Figure 5L), indicating that these antigens recruited
high-affinity B cells to GCs with similar efficiency. A parsimo-
nious explanation would be that the majority of the probe-nega-
tive GC B cells were antigen-specific B cells with BCR affinities
too low to be detected using antigen probes. VRC019" B cells
from mice immunized with eOD-GT5go61 4-mer and 60-mer
equivalently bound antigen probes (Figures S5M-S5P), indi-
cating that BCR downregulation or blocking did not contribute
to the low frequency of probe-binding cells in mice immunized
with 60-mer. These data indicate that ex vivo probe-binding de-
notes high-affinity B cells, resulting in the conclusion that there
exists preferential recruitment of high-affinity B cells into GCs

(I) Percentage of time VRC019""" B cells were in contact.
Data in (G)—(I) are from two experiments with n = 3 mice.

(J-P) Proliferation and differentiation of VRC019™- B cell 3 days after immunization. (J) Division profiles. The gate identifies undivided and divided cells. (K) CTV
(geometric MFI) on divided VRC019"- B cells, normalized to eOD-GT54p61 60-mer. (L) Divided VRC019"- B cell number. (M) Undivided VRC01%"- B cells as a
frequency of total B cells, normalized to unimmunized. (N) Bcl6 and IRF4 expression in divided VRC019"" B cells. Percentages are indicated in quadrants. (O)
Divided VRCO019"- B cells that are Bel6" IRF4'° GC B cells. (P) Divided VRC019" B cells that are IRF4" Bcl6'® PCs. Data in (J)-(P) are from two experiments with

n = 6 mice. Bars represent the mean.

*p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001. See also Videos S2 and S3 and Figure S4.
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Figure 5. Antigen Valency Influences the Magnitude and the Compositions of GC B Cell Responses

(A-L) VRC019Ht and endogenous GC B cell responses 6 days after immunizations. (A) Schematic. (B) Total GC B cell responses (left) and VRC019H- GC B cell
responses (right). Percentages are indicated. (C) Total GC B cell number. Bars indicate the mean. (D) VRC019"- GC B cells as a percentage of total GC B cells.
Bars indicate the geometric mean. (E) VRC019"- GC B cell number. Bars indicate the mean. Data in (A)—(E) are from three experiments with n = 9-10 mice/group.
(F) Representative iLNs: VRCO19"- B cells (GFP, green), IgD (blue), GL7 (red), and SMARTA CD4* T cells (CD45.1, white). GCs are the GL7* IgD ™~ area. Yellow
squares show example GCs. Red square shows extrafollicular VRC019"" B cells. Scale bars, 300 um. (G) GC area per section. Bars indicate the mean. (H)
VRC019HL B cell density in GCs (count per mm?). Lines at the first quartile, median, and third quartile; n = 36 GCs (4-mer) and 70 GCs (60-mer). (I) VRCO19"-GC B
cell number per section. Bars indicate the mean. Data in (F)—(l) are from two experiments with n = 6 mice. (J) Endogenous GC B cells. The gate identifies “high-
affinity” cells with detectable affinities for antigen probes. Percentages are indicated. (K) Frequency of high-affinity endogenous GC B cells. (L) Number of high-
affinity endogenous GC B cells. Data in (J)-(L) are from two experiments with n = 7 mice. Bars indicate the mean.

(M-0) VRC019"- GC B cell responses 6 days after immunization with €0D-GT2gp61 4-mer or 60-mer. (M) Total GC B cell number. Lines indicate the data for eOD-
GT54pe1 4-mer (blue) and 60-mer (red). See also Figure 5C. (N) VRCO1 9HL B cells as a percentage of total GC B cells. Lines indicate the data for e0D-GTb5gype1 4-
mer (blue) and 60-mer (red). See also Figure 5D. (0) VRC019H- GC B cell number. Lines indicate the data for e0D-GT5gyp61 4-mer (blue) and 60-mer (red). See also
Figure 5E. Data in (M)—(O) are from two experiments with n = 7 mice. Bars indicate the mean (M) or geometric mean (N and O).

*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001. See also Figure S5.

following low-valency antigen immunization. Conversely, these As afurther test of the aforementioned idea, we assessed early
data indicate that high-valency antigen efficiently recruited GC responses to low-affinity eOD-GT24,61 4-mer or 60-mer.
low-affinity B cells into GCs. e0D-GT2gp61 60-mer induced stronger total GC responses
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Figure 6. Antigen Valency Influences the Magnitude and the Compositions of Extrafollicular PC Responses

(A-l) VRC019H- and endogenous PC responses 6 days after immunization with €OD-GT5461 4-mer or 60-mer. (A) Total PC responses (left) and VRC019"- PC
responses (right). (B) Total PC number. Bars indicate the mean. (C) VRCO19"- cells as a percentage of total PCs. Bars indicate the median. (D) VRC019"- PC
number. Bars indicate the median. Data in (A)—(D) are from three experiments with n = 9-10 mice. (E) CD4bs-specific IgG responses (geometric mean + geometric
standard error). 2 experiments, n = 7. (F) Endogenous PCs (IgD~ CD138%). The gate identifies “high-affinity” cells with detectable affinities for antigen probes.
(G) High-affinity endogenous PCs. (H and I) High-affinity endogenous GC B cells and PCs after immunization with (H) eOD-GT54,61 4-mer, or (I) 60-mer.
See Figure 5K.

(J-L) VRCO019H- PC responses 6 days after immunization with €0D-GT2gp61 4-mer or 60-mer. (J) Total PC number. Bars indicate the mean. Lines indicate the data
for eOD-GT5gp61 4-mer (blue) and 60-mer (red). (K) VRCO019"" cells as a percentage of total PCs. Bars indicate the median. Lines indicate the data for eOD-
GT5gp61 4-mer (blue) and 60-mer (red). (L) VRCO019H PC number. Bars indicate the median. Lines indicate the data for e0D-GT5gp61 4-mer (blue) or 60-mer (red).

Data in (F)-(L) are from two experiments (n = 6).
*p < 0.05; **p < 0.01; **p < 0.0001; ****p < 0.0001. See also Figure S5.

(VRC019"- and endogenous GC B cells) than eOD-GT24,¢1 4-
mer (Figure 5M). GC-seeding by VRC019™- B cells was reduced
~3-fold in mice immunized with eOD-GT24,61 60-mer (Figure 5N)
compared to high-affinity OD-GT54,61 60-mer (Figure 5D) (Ab-
bott et al., 2018). In comparison, GC-seeding by VRC01¢"- B
cells was reduced by ~40-fold in mice immunized with OD-
GT24p061 4-mer (Figure 5N) compared to mice immunized with
OD-GT54p61 4-mer (Figure 5D), indicating that reduced affinity
had more detrimental effects under low-valency immunization
conditions than under high-valency immunization conditions.
VRC019" B cells represented similar percentages of GC B cells
induced by OD-GT2g,61 4-mer and 60-mer (Figures 5N and 50).
Overall, these observations corroborate the interpretation of the
experiments above, that high-valency antigens are particularly
effective at recruiting low-affinity B cells into GCs, while low-va-
lency antigens exhibit preferential recruitment of high-affinity
B cells.

High Antigen Valency Reduces BCR Affinity Threshold
for Efficient PC Formation

B cells can differentiate to give rise to short-lived PCs that rapidly
produce antibodies. Phenotypic analysis of differentiation tran-

scription factors (Bcl6 and IRF4) at early time points indicated
a role for valency both in GC B cell and PC fate commitment,
as the majority of VRC019"" B cells remained uncommitted at
day 4 after 4-mer immunization (Figures 3J-3M). We assessed
PC responses 6 days after immunization with eOD-GT54p61 4-
mer or 60-mer (Figure 5A). 60-mer induced stronger CD138"
IRF4* PC responses than 4-mer (Figures 6A and 6B). VRC0O19H-
B cells constituted greater than 10% of the PC compartment in
mice immunized with eOD-GT5¢,6¢1 60-mer (Figures 6A and
6C), while they constituted only ~0.5% of GC B cells in the
same mice (Figure 5D). VRC019"" PCs were more numerous af-
ter immunization with 60-mer than 4-mer (Figure 6D), and the
VRCO019": B cells constituted a larger fraction of the PC
compartment after immunization with 60-mer compared to 4-
mer (Figure 6C). Consistent with these observations of increased
differentiation of antibody secreting cells in response to high-va-
lency antigens, eOD-GT54,61 60-mer immunization elicited more
rapid and robust serum immunoglobulin G (IgG) titers that
persisted over time (Figure 6E). These data showed similar quan-
titative effects of valency on GC B cell and PC response at the
population levels, but also quite differential effects on recruit-
ment of particular B cell clones.
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The disparities in the representation of VRC019"- B cells in GC
B cells and PCs after immunizations implied that affinity thresh-
olds differ in each lineage, and they were modulated to varying
degrees by antigen valency. We assessed antigen-binding ca-
pacity of endogenous B cells that were recruited into the PC
response. Greater than 50% of endogenous IgD~ CD138* PCs
primed by eOD-GT54,61 4-mer were high-affinity cells, based
on their binding of antigen probes ex vivo (Figures 6F, 6G, and
S5@G). In contrast, a smaller fraction of endogenous PCs were
high-affinity cells after eOD-GT54,61 60-mer immunization (Fig-
ures 6F and 6G). Notably, high-affinity endogenous B cells
were a greater fraction of PCs than GC B cells after immunization
with either 60-mer or 4-mer (Figures 6H and 6l). These data indi-
cate that higher-affinity B cells generally dominate a PC
response, but extensive antigen multimerization increases the
likelihood of lower-affinity B cells receiving sufficient IRF4 induc-
tion to differentiate into PCs.

As a direct test of whether valency modulates antibody
secreting cell differentiation in vivo, we investigated VRC019H:
PC responses to low-affinity eOD-GT24,61 4-mer and 60-mer
(Figure 6J). With high-affinity antigen eOD-GT5gne1, 4-mer
and 60-mer elicited nearly equivalent VRCO1-class PC re-
sponses (Figure 6C). In contrast, lowering antigen affinity by
~50-fold resulted in a complete loss of VRC019"- PC induction
by 4-mer, while 60-mer retained the ability to recruit VRC019H:
B cells into the PC compartment (OD-GT2g6¢ 4-mer and 60-
mer, p = 0.0047. Figures 6K-6L). In sum, extensive multimeriza-
tion allowed low-affinity antigen-specific B cells to participate in
the PC response, even when the same cells were excluded
from the PC compartment in response to a low-valency
antigen.

High-Valency Antigens Facilitate VRC01-Class B Cell
Persistence in GCs
In GCs, B cells clonally evolve and the average BCR affinity in-
creases over time. How quantitative changes in antigen valency
affect the fitness of B cells in evolving GCs is unclear. We there-
fore performed kinetic studies of B cell responses to eOD-
GT24p61 and -GT54p61 4-mers and 60-mers over the course of
28 days. The GC responses to 4-mers and 60-mers peaked by
day 6, followed by gradual decline thereafter (Figures 7A and
S6). GC responses to 60-mers were larger than responses to
4-mers at all time points (Figures 7A and S6). Thus, GC magni-
tude differences observed at early time points (Figures 3, 4,
and 5) were not simply due to differences in kinetics of the
response to 60-mer versus 4-mer.

We then assessed the competitive fitness of VRC019"- B cells
in GCs over time. First, we compared 4-mer versus 60-mer im-
munization with the high-affinity antigen eOD-GT54,61. Following
immunization with eOD-GT54,61 60-mer, VRC019™ B cells out-
competed other clones in GCs from day 6 to day 12 (~15-fold
gain in representation in GCs; Figure 7B) and persisted up to at
least day 28 (Figures 7B and 7C). In contrast, after 4-mer immu-
nization, VRC019"- B cells were outcompeted by endogenous B
cells, ending up with a ~30-fold reduction in representation in
GCs by day 28 (Figures 7B-7D).

Last, we compared GC responses to 60-mer and 4-mer using
the low-affinity eOD-GT2g.e¢ antigen. The trajectory of
VRCO19M B cell competitive fitness in GC from day 6 to day
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16 after eOD-GT2g,6¢ 60-mer immunization was similar to that
of e0D-GT54p61 60-mer immunization (10-fold gain in represen-
tation in GCs; Figure 7E), although starting from a moderately
lower starting point (Figures 7B and 7E). In contrast, after immu-
nization with eOD-GT24p61 4-mer, VRCO19"- B cells were out-
competed in GCs almost immediately by endogenous B cells
(Figures 7E-7G). Severe attrition of VRC019": GC B cells
occurred between days 6 and 8 (Figures 7E and 7F). These
data result in some unexpected conclusions regarding the ef-
fects of antigen valency on GC responses. When considering a
B cell with a relatively high starting affinity, low-valency (4-mer)
and high-valency (60-mer) antigens resulted in similar outcomes
over time, with 60-mer performing only moderately better overall
up to day 28 (Figure 7D). However, the kinetic differences show
that mechanistically these similar outcomes were for different
reasons. This appears to be due to relatively stringent affinity re-
quirements to GC recruitment after exposure to a low-valency
antigen (Figure 5), causing a high initial representation of high-af-
finity clones (Figure 7B, day 6), which then decays for unknown
reasons. Rapid attrition of VRCO1-class B cells in GCs primed
by low-affinity eOD-GT2 4-mers indicates that between the affin-
ities of VRCO19M for eOD-GT5 (Kp = 250 nM) and eOD-GT2
(Kp = 14 uM) is a threshold, and there exist many endogenous
B cells that can outcompete low-affinity, but not high-affinity,
VRCO01-class B cells. In contrast, for high-valency antigens these
data suggest that multivalency fosters competitive fitness of
VRCO1-class B cells with a broad physiological affinity range
because of less stringent initial affinity-based selection imposed
onthese B cells. Thus, a high-valency antigen mutes competition
to a substantial degree, “leveling the playing field” for GC B cells
with a wide range of affinities.

DISCUSSION

Here, using a series of engineered protein immunogens, we have
shown a matrix of relationships between antigen valencies and a
range of B cell response attributes. Different antigen valencies
exerted quantifiably different effects on B cells throughout the
course of in vivo immune responses.

Although cognate B cells were activated to express high levels
of CD69, CD86, and MHC class Il by all forms of multivalent an-
tigens, a large fraction (~50%) of antigen-specific B cells failed
to undergo cell division in response to low-valency immuniza-
tion. A previous study similarly reported that approximately
two-thirds of polyclonal B cells specific to allophycocyanin
(APC) failed to undergo cell division in response to trimeric
APC (Taylor et al., 2015). Thus, initiation of cell division appears
to be a major hurdle for B cells primed by low-valency antigens
under physiological affinity conditions in general. This is signifi-
cant in the context of germline-targeting bnAb vaccine efforts,
because precursor frequencies of bnAb-potential naive B cells
are low (Havenar-Daughton et al., 2018; Jardine et al., 2016;
Steichen et al., 2019). The ability to induce initial B cell recruit-
ment consistently is likely to be more critical when the starting
precursor frequencies are low.

The strength of initial B cell activation imparted by antigen va-
lencies correlated with the magnitude of effector B cell re-
sponses. We have shown that it is important to consider the
specificity composition of B cells in the responses. In the case
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Figure 7. Persistence of VRC01-Class B Cells in GCs

Days post immunization

(A-F) Kinetics of VRC019"" GC B cell responses after immunization with e0D-GT54p61 antigens (A-D) or eOD-GT2461 antigens (A and E-G). (A) Total GC B cell
number. Combined data of eOD-GT2gp61 and eOD-GT54p61 antigens. (B and E) VRCO1 Ml cellsasa percentage of total GC B cells (geometric mean + geometric
standard error). (C and F) VRC019H- GC B cell number (geometric mean + geometric standard error).

(D and G) Cumulative VRC019"" GC B cell response. (D) Area under the curve (AUC) of log-transformed data in (C). (G) AUC of log-transformed data in (F).

Mean + standard deviation.
Data in (A)-(G) are from two experiments, n = 7.
*p < 0.05; **p < 0.01; **p < 0.001, ***p < 0.0001. See also Figure S6.

of low-valency (4-mer) immunization, stringent affinity selection
precluded most low-affinity B cell clones from participating in
GC B cell and extrafollicular PC responses. In contrast, extensive
multimerization in 60-mers enabled B cell clones encompassing
a broad range of monovalent affinities to efficiently undergo
activation, cell division, and differentiation. This improved mech-
anistic understanding of how antigen valency controls B cell re-
sponses has implications for vaccine designs. For example, it
likely helps partially explain the failure of monomeric HIV
gp120 antigens to elicit tier 2 neutralizing antibodies in humans
(Haynes et al., 2012; Mascola et al., 1996). These concepts are
also likely applicable to B cell responses in the context of auto-
antigens and autoimmunity.

Our studies show an important role for valency both in GC B
cell and PC fate commitment. In previous studies, B cell re-
sponses to VSV (Fink et al., 2007) or antigen (HEL) coupled
to sheep red blood (Paus et al., 2006) were assessed. In both
cases, GC B cells were found to be not sensitive to a ~10-

fold reduction in antigen density. However, these studies
compared antigens valencies exceeding 1,000 and/or used
transgenic B cells with extremely high BCR affinities seeded
at high precursor frequencies. Here, we endeavored to explore
antigen valency requirements under more physiological condi-
tions to vaccine antigens. Furthermore, each monomeric sub-
unit of the immunogen proteins used herein contain effective
T cell epitopes. This is distinct from other experimental ap-
proaches, in which different ratios of B cell antigen (e.g., hapten
or HEL) and a carrier protein are coupled. In the latter scenario,
antigen dose or T cell help remains variable, which can influ-
ence B cell responses independently of valency (Crotty, 2019;
Eisen and Siskind, 1964).

The finding that antigen valency can have a profound effect
on compositions of cognate B cells recruited at the onset of
GC responses may help explain vastly different clonal diver-
sities observed in early GCs in different experimental systems
(Jacob et al.,, 1991a; Liu et al.,, 1991; Tas et al., 2016).
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Interestingly, the kinetics of VRC019™- GC B cells differed sub-
stantially depending on antigen valency. Unlike relatively homo-
geneous B cell responses induced by simple antigens such as
haptens (Jacob et al., 1993), B cell responses to complex anti-
gens are clonally diverse (Kuraoka et al., 2016; Tas et al., 2016),
and some GC B cells that fail to bind the native antigen have
been considered likely to be specific to non-native “dark anti-
gens” (Kuraoka et al., 2016). B cell clones can display markedly
different kinetics and dominate in GC responses at different
times (Kuraoka et al., 2016). We observed contrasting kinetics
of the same B cell clone (i.e., VRCO19™" B cells) in GCs de-
pending on antigen valency. One possibility is that valency con-
tinues to have effects on affinity-based selection in late GCs.
Another likely possibility relates to differential antigen persis-
tence. Highly glycosylated nanoparticles like eOD 60-mers
are recognized by mannose-binding lectins, leading to efficient
complement-dependent transport to follicular dendritic cells
(Tokatlian et al., 2019). Overall, our data on mechanisms by
which antigen valency directs B cell biology in vivo reinforce
the concept that, for germline-targeting or epitope-focused
vaccine designs, using nanoparticles to display many copies
of appropriate epitopes is usually the best priming approach.
In a situation where desirable “on-target” B cells have high-af-
finity binding, a lower-valency vaccine immunogen may be
best, as it will avoid extensive engagement of off-target
competitors.

Several strategies to facilitate multivalent presentation of anti-
gen in vivo are actively being explored. One example, site-spe-
cific introduction of phosphoserine peptide-polymer tags
(pSer), enhances antigen binding to aluminum hydroxide (alum)
(Moyer et al., 2020). pSer-modified immunogens tightly bind
alum nanocrystals, resulting in multimeric nanoparticle antigens
(Moyer et al., 2020). Given the magnitude and quality of B cell re-
sponses are dictated by the quantity of antigen valency, the abil-
ity to precisely quantify and control the effective valency in vivo
may be a powerful aspect of designing vaccines that reliably
induce desired antibodies to new pathogens.

Overall, the findings demonstrate major roles of antigen va-
lency dictating many distinct aspects of early B cell responses,
the magnitude of GC and PC responses, and the affinities of B
cells that are recruited. These findings provide a strong case
for the need to consider valency in vaccine designs in a
context-dependent manner.

Limitations of Study

Although we carefully controlled confounding factors such as
availability of MHC-class-lI-restricted epitopes in different anti-
gens and selection of physiological affinities, not all epitopes
could be perfectly matched across different antigens. The
main conclusions herein have been based on overall patterns
across several different constructs (1-mer, 4-mer, 8-mer, and
60-mer), using constructs with a wide range of physiological af-
finities (GT2 and GT5), and assessing the endogenous B cell
response to the antigens in parallel. Additionally, the densities
of the antigens were not exactly the same, which could result
in certain epitopes being available or unavailable on different
multimeric designs. Such a scenario could be a problem if major
epitopes were only accessible on the 4-mer. However, the ma-
jority of B cells in mice immunized with 4-mer bound the tetramer
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and 60-mer probes, indicating that the epitopes are accessible
on both the 4-mer and 60-mer.

Roles of antigen valency in secondary B cell responses remain
to be explored. Memory B cells comprise several subsets and
may differ from naive B cells in function, affinity, isotype, and/
or precursor frequencies (Pape et al., 2011; Zuccarino-Catania
et al., 2014). Notably, memory B cells appear to be transcription-
ally programmed to rapidly form PCs upon reactivation (Kome-
tani et al., 2013; Pape and Jenkins, 2018; Shlomchik, 2018).
Furthermore, preexisting antibody titers (Zarnitsyna et al.,
2016; Zhang et al., 2013) and the presence of cognate memory
Tth cells likely influence memory B cell responses. A recent study
has suggested very few mouse B cell clones are capable of re-
entering secondary GCs, and those clones generally started
with higher BCR affinities (Mesin et al., 2020). However, the
impact of valency on those processes, and the memory B cell
recall biology of humans, need future study.
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STARXxMETHODS

KEY RESOURCES TABLE

Immunity

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-mouse/human
Bclé AF647 (clone K112-91)

Rat monoclonal anti-mouse/human B220
BV785 (clone RA3-6B2)

Rat monoclonal anti-mouse CCR7 PE
(clone 4B12)

Rat monoclonal anti-mouse CD16/32
(clone 93)

Rat monoclonal anti-mouse CD4
(clone GK1.5)

Rat monoclonal anti-keyhole limpet
hemocyanin (rat IgG2a isotype control;
clone LTF-2)

Rat monoclonal anti-mouse CD4 AF700
(clone RM4-4)

Rat monoclonal anti-mouse CD4 AF488
(clone RM4-5)

Rat monoclonal anti-mouse/human CD44
PerCPCy5.5 (clone IM7)

Mouse monoclonal anti-mouse CD45.1
BV510 (clone A20)

Mouse monoclonal anti-mouse biotin
(clone A20)

Rat monoclonal anti-mouse CD69 PECy7
(clone H1.2F3)

Rat monoclonal anti-mouse CD86 BV605
(clone GL-1)

Hamster monoclonal anti-mouse CD95
APC-R700 (clone Jo2)

Hamster monoclonal anti-mouse CD95
BV510 (clone Jo2)

Rat monoclonal anti-mouse CXCRS5 biotin
(clone L138D7)

Rat monoclonal anti-mouse/human GL7
PerCPCy5.5 (clone GL7)

Rat monoclonal anti-mouse/human GL7
PacificBlue (clone GL7)

Rat monoclonal anti-mouse IgD BV510
(clone 11-26c¢.2a)

Rat monoclonal anti-mouse AF700 (clone
11-26¢.2a)

Rat monoclonal anti-mouse AF647 (clone
11-26¢.2a)

Rat monoclonal anti-mouse/human
IRF4 PE

Rat monoclonal anti-mouse PD1 BV605
(clone 29F.1A12)

Rat monoclonal anti-mouse CD169 PE
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BD Bioscience

Biolegend

Biolegend

Biolegend

Bio X Cell

Bio X Cell

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

BD Bioscience

BD Bioscience

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Cat# 561525; RRID:AB_10898007

Cat# 103246; RRID:AB_2563256

Cat# 120106; RRID:AB_389358

Cat# 101302; RRID:AB_312801

Cat# BE0003-1; RRID:AB_1107636

Cat# BE0090; RRID:AB_1107780

Cat# 116022; RRID:AB_2715958

Cat# 100529; RRID:AB_389303

Cat# 103032; RRID:AB_2076204

Cat# 110741; RRID:AB_2563378

Cat# 110704; RRID:AB_313493

Cat# 104512; RRID:AB_493564

Cat# 105037; RRID:AB_11204429

Cat# 565130; RRID:AB_2739078

Cat# 563646; RRID:AB_2738345

Cat# 145510; RRID:AB_2562126

Cat# 144610; RRID:AB_2562979

Cat# 144614; RRID:AB_2563292

Cat# 405723 RRID:AB_2562742

Cat# 405730; RRID:AB_2563341

Cat# 405708; RRID:AB_893528

Cat# 646404; RRID:AB_2563005

Cat# 135220; RRID:AB_2562616

Cati# 142404; RRID:AB_10915697
(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Rabbit polyclonal anti-GFP AF488
Goat Anti-Mouse 1gG, Human ads-HRP

Thermo Fisher Scientific
Southern Biotech

Cat# A-21311; RRID:AB_221477
Cat# 1030-05; RRID:AB_2619742

Chemicals, Peptides, and Recombinant Proteins

e0D-GT2gp61 60-mer
e0D-GT5gp61 60-mer
e0D-GT24p61 4-mer
e0D-GT5gp61 4-mer
€0D-GT54,61 4-mer (2B22)
eOD-GT5 4-mer

eOD-GT5 8-mer

eOD-GT2 60-mer
eOD-GT5 60-mer
eOD-GT5-KO2 60-mer
ISCOM-like saponin nanoparticle adjuvant
Cholesterol

16:0 PC (DPPC)

N-Decanoyl-N-methylglucamine
(MEGA-10)

Quil-A saponin

Avi-tagged eOD-GT5

Avi-tagged eOD-GT2

Avi-tagged eOD-GT5-KO2
Streptavidin PECy7

Streptavidin APC

Streptavidin PE

Streptavidin Alexa Fluor 568

Fixable Viability Dye eFluor 780

1-step Ultra TMB-ELISA substrate
Sodium phosphate monobasic (NaH,PO,)
Sodium phosphate dibasic (NHHPO,)

16% Paraformaldehyde Aqueous Solution,
EM Grade

Ethylenediaminetetraacetic acid
(EDTA), 0.5M

Pluronic F-127

This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
Jardine et al., 2013
Cirelli et al., 2019
Avanti Polar Lipids
Avanti Polar Lipids
MilliporeSigma

InvivoGen

Jardine et al., 2013
Jardine et al., 2013
Jardine et al., 2013
Biolegend

Biolegend

Biolegend

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
MilliporeSigma
MilliporeSigma

Electron Microscopy Science

Thermo Fisher Scientific

Thermo Fisher Scientific

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Cat# 700000
Cat# 850355
Cat# D6277

Cat# vac-quil
N/A
N/A
N/A
Cat# 405206
Cat# 405207
Cat# 405204
Cat# S11226

Cat# 65-0865-18

Cat# 34029
Cat# S0751
Cat# 71645
Cat# 15710

Cat# AAJ15694AE

Cat# P3000MP

Critical Commercial Assays

EasyStep Mouse CD4+ T Cell Isolation Kit
EasyEights EasySep Magnet
QuadroMACS separator

CellTrace Violet Cell Proliferation Kit
CellTracker Deep Red Dye

Alexa Fluor 647 Protein Labeling Kit
Alexa Fluor 488 Protein Labeling Kit
Pacific Blue Protein Labeling Kit

Bir-A biotin-protein ligase standard
reaction kit

CD43 (Ly-48) MicroBeads, mouse
Cytofix Fixation Buffer

eBioscience Foxp3/Transcription Factor
Fixation/Permeabilization kit

STEMCELL Technologies
STEMCELL Technologies
Miltenyi Biotec

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Avidity

Miltenyi Biotec
BD Bioscience
Thermo Fisher Scientific

Cat# 19852

Cat#18103

Cat# 130-091
Cat# C34557
Cat# C34565
Cat# A20173
Cat# A10235
Cat# P30012
Cat# BirA500

-051

Cat# 130-049-801

Cat# 554655
Cat# 00-5521

-00

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Cholesterol Quantification Assay Kit MilliporeSigma Cat# CS0005-1KT

Sphero Blank Calibration Particles

BD Bioscience

Cat# 556296

Experimental Models: Organisms/Strains

Mouse: C57BL/6J mice
Mouse: VRCO19"-
Mouse: SMARTA

Mouse: C57BL/6-Tg(UBC-GFP)30Scha/
J (B6.GFP)

Mouse: B6.SJL-Ptprc®Pepc?/BoyJ
Mouse: B6.Cg-Tg(CAG-DsRed*MST)
1Nagy/J (DsRed)

Mouse: B6.129(ICR)-Tg(CAG-ECFP)
CK6Nagy/J (CFP)

Jackson Laboratory
Abbott et al., 2018

Oxenius et al., 1998
Jackson Laboratory

Jackson Laboratory
Jackson Laboratory

Jackson Laboratory

IMSR_JAX: 000664
N/A
N/A
IMSR_JAX: 004353

IMSR_JAX: 002014
IMSR_JAX: 006051

IMSR_JAX: 004218

Software and Algorithms

FlowJo 10

Adobe lllustrator CC 2020
Adobe After Effects CC 2020
ZEN system

Microsoft Office Excel
Fiji/lmageJ

Imaris 9.0.1+

Imaris XT

RStudio v1.1+

Spatstat (R package)
FACSDiva

FlowJo

Adobe

Adobe

Carl Zeiss
Microsoft
Open source
Bitplane
Bitplane
RStudio

The R Foundation
BD Bioscience

https://www.flowjo.com/
https://www.adobe.com/
https://www.adobe.com/
https://www.zeiss/
https://www.microsoft.com/
fiji.sc
https://imaris.oxinst.com/
https://imaris.oxinst.com/
https://rstudio.com/
https://www.r-project.org/

https://www.bdbioscience.com

The PyMOL Molecular Graphics System, Schrédinger https://pymol.org/

Version 2.0

Prism 8 GraphPad https://www.graphpad.com/
Other

10K centrifugal filters Amicon Cat# UFC501096

50K centrifugal filters Amicon Cat# UFC505096

PD-10 desalting columns
LS Columns

Dulbecco’s phosphate-buffered saline
(DPBS) with calcium and magnesium

RPMI 1640 Medium

PBS, 1X, pH 7.4 + 0.1
Ammonium-Chloride-Potassium (ACK)
lysing buffer

Sucrose

Fetal Bovine Serum

Bovine Serum Albumin

Normal Rat Serum

FACSCelesta

LSRFortessa

FACSAria lll

LSM780

LSM880 with Airyscan

SP8 multiphoton/confocal system
2104 EnVision Mulilabel Plate Reader

GE Life Sciences
Miltenyi Biotec
Thermo Fisher Scientific

Thermo Fisher Scientific
Corning
Thermo Fisher Scientific

Thermo Fisher Scientific
Gemini

MilliporeSigma
STEMCELL Technologies
BD Bioscience

BD Bioscience

BD Bioscience

Carl Zeiss

Carl Zeiss

Leica Microsystems
PerkinElmer

Cat# 17-0851-01
Cat# 130-042-401
Cat# 14040133

Cat# 11875135
Cat# 21-040-CV
Cat# A1049201

Cat# S3-500

Cat# 100-106
Cat# A7906

Cat# 13551

N/A
RRID:SCR_018655
RRID:SCR_016695
N/A

N/A

N/A

N/A
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Shane
Crotty (shane@lji.org).

Materials Availability
The reagents generated in this study may be made available on request upon completing a Materials Transfer Agreement.

Data and Code Availability
FCS files and imaging data generated in the current study are available from the corresponding author on request. The plug-ins used
for imaging analyses are publicly available through Fiji/lmaged or Imaris software.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Mouse experiments were performed at La Jolla Institute for Immunology (LJI). All experimental procedures were approved by the
IACUC committee of LJI. Experiments were done using sex- and age-matched mice between 6-12 weeks of age. C57BL/6J mice
(JAX: 000664) were purchased form Jackson Laboratory at 6 weeks of age and house at LJI. All other mouse strains were maintained
at LJI. VRC019"" mice carrying inferred germline reverted VRCO1 IgH (VRC019H) and VRCO1 IgL (VRC019Y) (Abbott et al., 2018) were
maintained on B6.GFP (JAX: 004353, Jackson Laboratory), C57BL/6J or B6.SJL-Ptprcipepc®/Boyd (B6.CD45.1) (JAX: 002014,
Jackson Laboratory) background as homozygous lines. Homozygous VRCO019"" mice were bred with B6.GFP, C57BL/6J or
B6.CD45.1 to generate heterozygous VRC019H- mice carrying one copy of VRC019" and VRCO019". Homozygous VRC019"- mice
were used in all experiments examining early B cell responses up to d4 as well as experiments in Figures S3C and S3D. Heterozygous
VRCO019H mice were used in experiments examining B cell responses at d6 and beyond in a competitive environment. SMARTA mice
were maintained on B6.CD45.1 or B6.Cg-Tg(CAG-DsRed*MST)1Nagy/J (DsRed) (JAX: 006051, Jackson Laboratory) background.
B6.129(ICR)-Tg(CAG-ECFP)CK6Nagy/J mice (JAX: 004218, Jackson Laboratory) were used as donors of polyclonal CFP* B cells.

METHOD DETAILS

Immunogens and Adjuvant
eOD-GT2, eOD-GT5 and eOD-GT5-KO2 (KO11b) monomers and 60mers have been described previously (Abbott et al., 2018; Jar-
dine et al., 2013). Our original measurement of the Kp for monomeric eOD-GT5 analyte binding to VRC01 gHgL IgG ligand was
530nM, measured using a Biacore 2000 (GE Healthcare) (Jardine et al., 2013). We have subsequently re-measured that interaction
on Biacore 4000 (GE Healthcare) with different batches of proteins, obtaining a Kp of 240 nM with the data fitting well to a simple
kinetic model. We have also measured related interactions in two additional formats on ProteOn (Bio-Rad): (a) using monomeric
eOD-GT5 ligand (amine-coupled to sensor) and VRCO1 gHgL Fab analyte, we measured a Kp of 110 nM but with complex kinetics
that did not fit a simple model; and (b) using eOD-GT5 60-mer ligand (captured by VRCO1 IgG) and VRCO1 gHgL Fab analyte, we
measured a Kp of 120 nM also with complex kinetics that did not fit a simple model. We conclude from these data that the Ky for
eOD-GT5 interaction with VRCO1 gHgL is ~250nM. The Kp values for monomeric eOD-GT2 were 15, 11, 14 and 17 uM in the
same experiments as described above. We conclude that the Kp for eOD-GT2 interaction with VRC01 gHgL is at least 50-fold lower
than eOD-GT5 at ~14uM.

eOD-GT5-KO2 contains the sequence for eOD-GT5 with mutations in the CD4 binding site (CD4bs) to ablate VRCO01-class binding.
For eOD-GT5 4-mer, eOD-GT5 was genetically fused to the N terminus of a parallel four-stranded coiled-coil GCN4 leucine zipper
core mutant (PDB: 1GCL) (Harbury et al., 1993) with a His-tag added at the C terminus. For eOD-GT5 8-mer, eOD-GT5 was genet-
ically fused to both ends of an anti-parallel four-stranded GCN4 leucine zipper core mutant (PDB: 2B22) (Deng et al., 2006) with a His-
tag added at the C terminus. In some experiments, eOD-GT5 antigen constructs fused with the LCMV gpe1.go helper epitope
(GLKGPDIYKGVYQFKSVEFD) were used to ensure consistent availability of MHC I (I-AP)-restricted epitopes. For e0D-GT2gp61
and eOD-GT54.61 4mers, LCMV gpg1.go Was fused at the C terminus of 1GCL. For eOD-GT2g,61 and eOD-GT5461 60mers, the orig-
inal linker (GGSGGSGGSGGSGGG) between the N-terminal lumazine synthase and C-terminal eOD has been replaced with LCMV
OPe1-so- Anti-parallel eOD-GT54,61 4-mer was generated by the genetic fusion of eOD-GT5 with the N terminus of 2B22, and a His-tag
and LCMV gpe1-go With the C terminus. Amino acid sequences for the eOD constructs used in this manuscript are listed in Table S1.

To scale models of eOD-GT5 constructs in Figures 1A and S5L were visualized using PyMOL version 2.0 (Schrédinger). eOD-GT5
4-mer was based on PDB: 1GCL, anti-parallel eOD-GT5 4-mer was based on PDB: 2B22, eOD-GT5 8-mer was based on PDB: 2B22,
and eOD-GT5 60-mer was based on PDB: 1HQK. Proteins are shown in surface representation, and glycans are shown in sphere
representation. In all cases, a single structure is shown, but the linkers between scaffold and eODs, and the glycan moieties them-
selves, are flexible, thus each construct will sample many conformational states in solution.

All proteins were produced in FreeStyle 293-F Cells (Thermo Fisher Scietific, Cat# R79007) by transient transfection using
293Fectin (Thermo Fisher Scientific, Cat# 12347019) of a pHLSec plasmid containing mammalian codon-optimized constructs.
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Proteins were harvested from the supernatant after 96 hours and purified by nickel affinity chromatography for monomers, 4mers and
8mers or lectin affinity chromatography for all 60mers. Nickel affinity chromatography was performed using a HisTrap HP His tag
protein purification column (Cytiva, Cat# 17524801). Lectin affinity chromatography was performed using Galanthus Nivalis Lectin
agarose beads (Vector Laboratories, Cat #AL-1243). Monomers, 4mers and 8mers were subsequently polished by size exclusion
chromatography using a Superdex 200 10/300 column (Cytiva, Cat# 17517501). 60mers were polished with a Superose 6 10/300
size exclusion chromatography column (Cytiva, Cat# 17517201). Both columns were run on an AKTAxpress HPLC (Cytiva Cat#
18664501). All eOD constructs were characterized by size exclusion chromatography coupled in-line with a multi-angle light scat-
tering detector (SEC-MALS; Wyatt Corporation) and native protein gels. Endotoxin levels were less than 0.1 endotoxin unit (EU)
per injection dose.

A soluble immune stimulating complex (ISCOM)-like saponin nanoparticle adjuvant (ISCOMs) comprised of self-assembled
cholesterol phospholipids, and quillaja saponin was generated and purified as previously described (Cirelli et al., 2019). 20 mg/ml
solutions of cholesterol (Avanti Polar Lipids, Cat# 700000) and DPPC (Avanti Polar Lipids, Cat# 850355) were prepared in 20%
MEGA-10 (MilliporeSigma, Cat# D6277) detergent. Quil-A saponin (InvivoGen, Cat# vac-quil) was dissolved in Milli-Q water at a final
concentration of 100 mg/ml. Quil-A, cholesterol, and DPPC were mixed at a molar ratio of 10:10:5 followed by dilution with PBS for a
final concentration of 1 mg/ml cholesterol. The solution was allowed to equilibrate overnight at room temperature, followed by dialysis
against PBS using a 10k MWCO membrane. The adjuvant solution was then sterile filtered, concentrated using 50k MWCO centrif-
ugal spin filters, and further purified by FPLC using a Sephacryl S-500 HR size exclusion column. The cholesterol content was deter-
mined using Cholesterol Quantification Assay kit (MilliporeSigma). One unit of ISCOM-like saponin nanoparticle adjuvant ISCOMs)
corresponds to 0.2ug cholesterol and 1ug saponin content. ISCOMs are soluble in PBS and known not to physically interact with or
modify protein antigens.

Preparation of fluorescent antigens

Fluorescent antigens were prepared using the Alexa Fluor 647 protein labeling kit (Thermo Fisher Scientific, Cat# A20173), Alexa
Fluor 488 protein labeling kit (Thermo Fisher Scientific, Cat# A10235), or Pacific Blue protein labeling kit (Thermo Fisher Scientific,
Cat# P30012) following the manufacturer’s protocol. 1mg of protein antigen prepared at 2mg/mL in 0.1M sodium bicarbonate using
10K centrifugal filters (Amicon, Cat# UFC501096) or 50K centrifugal filters (Amicon, Cat# UFC505096) was reacted with the amine-
reactive fluorophore for 60-75min at room temperature. Free fluorophores were removed using a PD-10 desalting column (GE, Cat#
17-0851-01) and the conjugated protein was concentrated in PBS using centrifugal filters. The labeling stoichiometry was determined
by measuring the protein and fluorophore molar concentrations of the conjugate using a NanoDrop One spectrophotometer (Thermo
Fisher Scientific), with mass extinction coefficient of the protein and the fluorophore specified under “Protein & Labels” settings.

Adoptive transfer and immunization

B cells were purified from the spleen using CD43 MACS MicroBeads (Miltenyi Biotec, Cat# 130-049-801) following the manufac-
turer’s protocol. B cells were adoptively transferred via retro-orbital injection in 200uL RPMI (Thermo Fisher Scientific, Cat#
11875119) supplemented with 1% fetal bovine serum (FBS; Gemini, Cat# 100-106) 1-3d before vaccination. Purity of B cells was
routinely above 95%, as determined by B220 staining. eOD-specific cells typically represented 90%-95% or 35%-40% of total B
cells purified from homozygous VRC019M or heterozygous VRC01¢H mice, respectively, as determined by eOD-GT8 60-mer stain-
ing. Less than 0.1% of polyclonal B cells purified from WT mice (B6 or CFP) bound eOD-GT8 60-mer. Cell numbers were adjusted
according to purity of B cell populations of interest (i.e., total B220* cells for polyclonal B cells, eOD-GT8* B220* cells for VRC019H- B
cells) for adoptive transfer. A previous study (Abbott et al., 2018) has validated adoptive transfer of VRC019" B cells into WT recipient
mice (B6 or B6.CD45.1) to establish defined precursor frequencies of naive VRC01-class B cells in recipient mice.

In some experiments, purified B cells were labeled with CellTrace Violet (CTV) (Thermo Fisher Scientific, Cat#: C34557) or Cell-
Tracker Deep Red (CTDR) (Thermo Fisher Scientific, Cat#: C34565). For labeling with CTV, B cells were prepared in DPBS supple-
mented with 0.1% bovine serum albumin (BSA; MilliporeSigma, Cat# A7906) at the concentration of 107 cells/mL and then incubated
with 5 uM CTV for 9.5 minutes at 37°C. The reaction was quenched in 75%-80% FBS, and the excess dye was washed away using
RPMI supplemented with 5% FBS (RP5). For CTDR labeling, 1TmM CTDR was mixed 1:1 with 2% Pluronic F-127 (Thermo Fisher Sci-
entific, Cat# P3000MP). Cells were prepared in DPBS at the concentration of 107 cells/mL and then incubated with 500nM CTDR for
15min at 37°C. The cells were mixed 1:4 with RP5 and incubated for additional 15 minutes at 37°C. The excess dye was washed away
using RP5.

For experiments in Figures 1E, 1F, 2, 3, 4C-4E, 4J-4P, S2D-S2L, S3, and S4, 10° VRC019M B cells purified from VRC019"- ho-
mozygous mice were adoptively transferred into B6 recipient mice, enabling characterization of early events prior to substantial
expansion of the B cells following immunizations. For experiments in Figures 1B-D, 4A, 4B, 4F-4l, and S2A-S2C and Videos S1-
S3, 108 VRC019H: B cells (GFP* or CTV*) and 2 x 10° control polyclonal B cells (CFP* or CTDR*) were co-transferred. For experi-
ments in Figures 5, 6, 7, S5, and S6, 10° VRC019- B cells purified from heterozygous VRC019" mice were adoptively transferred to
establish the approximate precursor frequency of VRCO1-class naive B cells in healthy humans at ~1:10° B cells. For adoptive trans-
fer of 10° VRCO19H- B cells, the cells were co-transferred with ~5 x 10° B6 splenocytes to facilitate the take in recipient mice.

SMARTA CD4* T cells were co-transferred with B cells in some experiments. CD4" T cells were purified from the spleen of
SMARTA mice using an EasyStep Mouse CD4* T Cell Isolation Kit (STEMCELL Technologies, Cat#: 19852) according to the man-
ufacturer’s protocol. Purity of SMARTA CD4" T cells (CD4* TCR Va2*) typically yielded > 95%. For experiments in Figures 4F-4l,
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and Video S3, 5 x 10° SMARTA CD4"* T cells (DsRed"*) were co-transferred with GFP* homozygous VRC019H B cells and CFP* poly-
clonal B cells to visualize T-B contacts. For experiments in Figures 5, 6, 7, SSA-S5H, SS5M-S5P, and S6, 2 x 10* SMARTA (CD45.1%)
were co-transferred with heterozygous VRC019H- B cells (GFP™).

For two-photon imaging experiments, total 10ug antigen prepared in sterile PBS was subcutaneously injected without adjuvant in
the lower left flank and the left side of the base of tail to ensure consistent antigen drainage to both medial and lateral lobes of iLN. For
all other experiments, mice were immunized subcutaneously bilaterally at the base of tail with 5pg antigen and 2.5 unit of ISCOM-like
saponin nanoparticle adjuvant prepared in sterile PBS per injection site (i.e., total 10 ug antigen and 5 unit of adjuvant was injected
per mouse).

CD4"* T cell depletion

CD4* T cells were depleted by two doses of 100ug anti-CD4 (clone GK1.5; Bio X Cell, Cat# BE0003-1) given 3d and 1d before im-
munization via retro-orbital injection. Control animals were injected with the same doses of rat IgG2a isotype control (clone LTF-2; Bio
X Cel, Cat# BE0090I). > 99% of CD4* T cells remained depleted in iLNs of GK1.5 treated animals for at least 4d after immunization as
confirmed by a lack of CD4 staining using anti-CD4 (clone RM4-4; Biolegend, Cat# 116022).

Flow Cytometry

Single cell suspensions were generated by mechanical dissociation of spleens and lymph nodes in FACS buffer (PBS, 1% BSA,
0.02% NaNg, 2mM EDTA). ~5 x 10° cells were prepared for flow cytometry in U-bottom 96-well plates. Erythrocytes in spleens
were removed by centrifugation of cells in GIBCO Ammonium-Chloride-Potassium (ACK) lysing buffer (Thermo Fisher Scientific,
Cat# A1049201) at 550 g, 4°C, for 5 minutes. FcR was blocked using 1% normal rat serum (STEMCELL Technologies) and 2.5ug/
mL purified anti-CD16/32 (clone 93; Biolegend) at 4°C for 15min. Primary staining for CXCR5 and CCR7 was performed at room tem-
perature for 45min. All other surface staining was performed at 4°C for 30min. Dead cells were stained using Fixable Viability Dye
eFluor 780 (Thermo Fisher Scientific, Cat# 65-0865-18) in FACS buffer without BSA. Biotinylated antibodies were detected using flu-
orescently labeled streptavidin.

Fluorescent antigen probes were used to detect VRCO cells or endogenous antigen-specific B cells. For detection of
VRCO19H cells at early time-points, eOD-GT8 60-mer conjugated to Pacific Blue (Thermo Fisher Scientific, Cat# P30012), Alexa
Fluor 488 (Thermo Fisher Scientific, Cat# A10235), or Alexa Fluor 647 (Thermo Fisher Scientific, Cat# A20173) was used. For detec-
tion of endogenous antigen-specific GC B cells and PCs, Avi-tagged eOD-GT5 and eOD-GT2 monomers were biotinylated using a
BirA biotin-protein ligase standard reaction kit (Avidity, Cat# BirA500) following the manufacturer’s protocol. Biotinylated monomers
were tetramerized using streptavidin APC (Biolegend, Cat# 405207) for at least 1h. Samples were stained first using the tetramer
probe before secondary staining using eOD-GT54,61 60-mer or eOD-GT24,61 60-mer conjugated to Pacific Blue.

For intranuclear staining for Bcl6 and IRF4, cells were first fixed in Cytofix Fixation Buffer (BD Bioscience, Cat# 554655) for 10min at
4°C. This was followed by the second fixation step using an eBioscience Foxp3/Transcription Factor Fixation/Permeabilization kit
(Thermo Fisher Scientific, Cat# 00-5521-00) for 30min-24h at 4°C. This two-step fixation was necessary to preserve GFP fluores-
cence. Intranuclear staining was performed in the presence of 1% normal rat serum and 2.5ug/mL purified anti-CD16/32 in 1x
Perm/Wash buffer (BD Bioscience, Cat# 554723) at room temperature for 45min.

~3 x 10* Sphero Blank Calibration Particles (BD Bioscience, Cat# 556296) were added to each sample to estimate cell numbers.
Samples were acquired on a FACSCelesta (BD Bioscience), LSRFortessa (BD Bioscience), or FACSAria lll (BD Bioscience) running
FACSDiva (BD Bioscience). FCS data were analyzed using FlowdJo 10 (FlowJo).

1gHL

Histology

For analysis of CTV* VRC019"" B cell distribution at 24h post-immunization, inguinal lymph nodes were harvested in FACS buffer,
shap-frozen in Tissue-Tek O.C.T Compound (SAKURA, Cat# 4583 CS) in cryomolds (Ted Pella, Cat# 27110), and stored at
—80°C. For samples that require preservation of fluorescent proteins, intact lymph nodes were fixed in periodate-lysine-paraformal-
dehyde (PLP) fixative for 4h at 4°C and then dehydrated in 30% sucrose (Thermo Fisher Scientific, Cat# S3-500) in PBS for 1-2h
before snap-freezing. 6-8um thick sections were prepared using a CM1860 cryostat (Leica Biosystems). The sections were dehy-
drated using —20°C chilled acetone for 5 minutes. Tissue rehydration and protein/FcR blocking was performed concurrently using
2% normal rat serum, 5ug/mL CD16/32, 1% BSA prepared in PBS for 15min at room temperature. Primary staining was performed
at room temperature for 2h. For analysis of CTV* VRC019" B cell distribution at 24h post-vaccination, sections were stained using
anti-lgD Alexa Fluor 647 (clone 11-26¢.2a; Biolegend, Cat# 405708) and anti-CD4 Alexa Fluor 488 (clone RM4-5; Biolegend, Cat#
100529). For analysis of GC B cell and PC responses at d6, sections were stained using anti-lgD Alexa Fluor 647, anti-GL7 Pacific
Blue (clone GL7; Biolegend, Cat# 144614), anti-GFP Alexa Fluor 488 (rabbit polyclonal; Thermo Fisher Scientific, Cat# A-21311), and
anti-CD45.1-biotin (clone A20; Biolegend, Cat# 110704). Secondary staining was performed at room temperature for 30min using
streptavidin Alexa Fluor 568 (Thermo Fisher Scientific, Cat# S11226). Stained sections were mounted using ProLong Gold Antifade
(Thermo Fisher Scientific, Cat# P36930). Tile Z stack images were acquired using an LSM780 (Carl Zeiss) and LSM880 (Carl Zeiss)
using a 20x 0.8NA objective. Raw data were processed using Fiji/lmaged (NIH).
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To quantify distribution of CTV* VRC019H: B cells in a lymph node, a binary masked image of the lymph node outline was generated
from the sum of IgD and CD4 signals. The border of CD4" T cell zone and IgD* B cell zone was manually drawn. CTV* signals were
converted to a binary mask image. VRC019"" B cells in the B cell zone and the T cell zone were detected using the image calculator
“AND” function and “Analyze Particle” function, with the particle size set to 10-50um?. The border was converted to a spline and the
distance of individual VRC019"" B cells from the border was determined using spatstat R package software. Cells within 5um dis-
tance from the border were considered to be in the T/B border region.

To quantify GC responses within a lymph node, IgD~ GL7™ areas surrounded by the IgD* primary B cell follicles were considered to
be GC and detected using “Magic wand” function on a threshold binary image. GFP signals were converted to a binary mask image
and individual VRC019™- B cells in the GCs were detected using “Analyze Particle” function, with particle size set to 10-200um?. GCs
smaller than 5000um? were excluded from analysis.

Intravital imaging of inguinal lymph nodes

Surgically exposed left inguinal LNs were prepared for intravital imaging via a modified version of a published protocol (Miller et al.,
2003; Qi et al., 2006). Mice were anaesthetized by continuous delivery of a mix of isoflurane and atmospheric air through a nosecone
and a heated stage maintained at 37°C was used for the duration of surgery and image acquisition. The skin on the left side of mouse,
inferior to the upper limb, was clipped with an electric hair clipper and then depilated using Nair (Nair). All traces of the cream were
removed by wiping the skin with wet tissues. A flank skin flap was exteriorized by making an incision along the midline of the belly,
followed by a perpendicular incision from the lower abdomen to top of the hind leg. The skin flap comprising an iLN was glued onto a
custom-made stage using Vetbond (3M), and a small circular patch of skin (8-10 mm diameter) was carefully excised to expose the
iLN. Fat tissue above and around the iLN was carefully removed. The iLN and surrounding exposed tissues were submerged in warm
PBS for the duration of imaging.

Four dimensional time-lapse movies were acquired using an upright Leica SP8 two-photon imaging system using a 20x/0.75 NA
water immersion objective (Leica HC IRAPO) or a 25x/1.00 NA water immersion objective (Leica HC IRAPO MotCORR). Fluorescence
excitation was provided by a Chameleon Vision Il Ti:sapphire laser (Coherent). CFP, GFP and DsRed were excited at 920-940 nm and
emission was detected with external non-descanned detectors (NDDs) equipped with a 560 nm LP dichroic mirror, a 495nm dichroic
cube fitted with 483/32 nm (CFP) and 525/50 nm (GFP) emission filters, and a 640nm dichroic cube fitted with a 596/86nm (DsRed)
emission filter. CTV and CTDR were excited at 800-820 nm and detected via a 495nm dichroic cube fitted with a 442/46 nm emission
filter (CTV) and a 605nm dichroic cube fitted with a 650/60 emission filter (CTDR). Three-dimensional z stacks (1-1.5um apart) were
captured every 30 s for 15-60 min.

Raw imaging data were processed using Imaris 9.0.1+ (Bitplane) with Imaris XT (Bitplane). Autofluorescent signals were used to
correct drift. Channel arithmetic function was used to remove autofluorescence signals. Cells were tracked semi-automatically via a
built-in spot tracking function aided by manual correction. Cell tracks with a duration less than 2.5min (< 5 frames) were excluded
from analysis. The mean track speed was calculated for each cell population and was normalized to the mean track speed of poly-
clonal B cells to facilitate comparisons across independent imaging experiments. To determine whether B cells were in contact with
DsRed* SMARTA CD4* T cells, the distance between the centroid of the B cell spot objects and the rendered surface of DsRed™”
SMARTA CD4* T cells was calculated using Imaris. B cells were considered to be in contact with SMARTA CD4* T cells if <
10 um distance. Cumulative time a VRC019H" B cell spent in contact with SMARTA CD4* T cells was divided by the total track dura-
tion to calculate the percentage of time spent in contact with SMARTA CD4* T cells. Each point represents a mouse. Movies were
generated using Imaris and composed in After Effects (Adobe).

ELISA

Costar half area plates were coated with 2ug/mL of resurfaced eOD-GT8 or eOD-GT8-KO2 monomers for one hour at RT in PBS.
Plates were then blocked for at least 1 hour at RT (3% BSA/PBS) and serially diluted serum samples were added for three hours.
Goat anti-mouse IgG HRP (Southern Biotech, Cat# 1030-05) was used for detection and subsequently visualized using 1-step Ultra
TMB-ELISA substrate (Thermo Fisher Scientific, Cat# 34029). Reaction was stopped after 10-15 min using 2N H,SO,4, and the optical
density (OD) at 450nm was determined using an Envision 2104 Multilabel Plate Reader (PerkinElmer). OD values at different dilutions
were fit to a five-parameter logistic (5PL) curve and the cut-off was set at 0.2 to determine endpoint titers. The CD4bs-specific IgG
titer was determined by calculating the difference of endpoint titers for resurfaced eOD-GT8 and eOD-GT8-KO monomers.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism v8. Bars plotted in linear scale represent the mean. Bars plotted in log
scale represent the geometric mean except the bars in Figures 6C, 6D, 6K, 6L, which represent the median. Symbols in bar graphs
represent individual mice unless otherwise stated in Figure Legends. Log-distributed datasets were transformed to linear scale
before performing statistical analysis. Multiple group comparisons (Figuress 1C, 1D, 1F, 1H, 2B-2D, 2F, 3B, 3C, 3H, 3I, 4A-D, 4l,
S2A-S2C, S2F, S2G, S2K, S2L, S3B-S3D, S5J-S5L) were performed by one-way ANOVA, followed by Tukey’s test. Two-group com-
parisons were performed by two-tailed unpaired Student t test (Figures 3E, 3F, 7D, and 7G) or Mann-Whitney U test (Figures 3K, 3L,
4K-4M, 40, 4P, 5C-5E, 5G-5I, 5K-50, 6B-6E, 6G, 6L, 7A-7C, 7E, 7F, S5B, S5C, S5E, S5F, S5N, S5P, and S6 for unpaired samples,
and Wilcoxon test (Figures 6H and 6l) for paired samples. Data were considered to be statistically significant at * p < 0.05, ** p < 0.01,
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p <0.001, and **** p < 0.0001. Limits of detection (LOD) were set based on the number of cells populations analyzed in each exper-
iment. For Figures 2B, 3H, and S3C, cell numbers < 10% were considered to be 102 for calculation of the geometric mean. Similarly,
cell numbers < 10 were considered to be 10 in Figure 6D, 6L, 7C, 7F, and S5L. VRC019H" B cell frequencies less than < 0.01% were
considered to be 0.01% for Figure 6C, 6K, 7B, 7E. VRCO1 9HL B cell frequencies less than < 0.05% were considered to be 0.05% for
Figure S5K. In Figure 5H, GCs smaller than 5000pm? were excluded from analysis to accurately quantify the density (count per mm?)
of VRC019" B cells in GCs.
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